The materials considered in our analysis were ZrB 2 ceramic matrix composites. Effect of two different additives (graphite and AlN) on thermal shock stability for the materials was measured by water quench test. It showed that it may provide more stable thermal shock properties with additives of graphite. It was explained by different thermal properties and crack resistance of the two materials in detail. Surface oxidation was one of main reasons for strength degradation of ceramic with additives of graphite after quenched in water, and surface crack was one of main reasons for strength degradation of ceramic with additives of AlN after quenched in water.
Introduction
Zirconium diboride (ZrB 2 ) has many intrinsic characteristics, such as high melting point, high hardness, good chemical inertness, and high wear stability, which make it a promising candidate for high temperature structural materials [1] [2] [3] [4] [5] . However, it is too low for thermal shock stability of monotonic ZrB 2 , which limit its application in re-entry space vehicles. Therefore, it is necessary to improve thermal shock stability of ZrB 2 . It is a common way to improve thermal shock behavior by improving its mechanical properties. Silicon carbide (SiC) particulate is a common reinforcement for ceramic materials due to its performances of high strength, high elastic modulus with good thermal stability.
Many researchers [6] [7] [8] [9] [10] have investigated thermal shock behaviors of ceramic matrix composites in both theories and experiments for many years. However, few investigations performed on thermal shock property of ultra-high temperature ceramic composites, such as large size ZrB 2 ceramic matrix composites.
In this work two kinds of materials were fabricated by hotpressing: ZrB 2 -20%SiC p -10%graphite (ZSC) and ZrB 2 -20%SiC p5%AlN (ZSA). The relative densities of the two materials were 92.74% and 96.9% for large size ZSC and ZSA, respectively, which were lower than that of small size ones (more than 99% relative density can be obtained). The processing method was reported. The mechanical properties and thermal shock behavior of ZrB 2 ceramic matrix composites for large size ones were studied.
Experimental procedures and theory

Material fabrication and test method
The powder mixtures ZSC was ball-milled for 14 h in a polyethylene bottle using ZrO 2 balls and ethanol as grinding media, and the same procedures for ZSA mixtures. After mixing, the slurry was dried in a rotary evaporator and screened. The resulting powder mixtures were hot-pressed at 1900°C for 1 h under a uniaxial load of 30 MPa in Ar atmosphere. Two kinds of materials with a same size (u80 mm Â 65 mm) were fabricated.
Mechanical properties of the two materials were measured using Instron 5848 Micro-Tester. Specimens were cut by linear cutting machine. Residual flexural strength was tested in three-point flexural test on 3 mm Â 4 mm Â 36 mm bars, using 30 mm span and a crosshead speed of 0.5 mm min À1 . Thermal conductivity and coefficients of thermal expansion were measured by Flash line 5000.
2.2.
Characterization for resistance curve [11] [12] [13] According to theory of indentation fracture, stress intensity factor of crack tip for indentation crack K as
Applied stress by bending and residual stress by indentation, contributing to stress intensity factor, are as following: Therefore, total stress intensity factor around crack tip of indentation is
For a given indentation load P, failures occurred at that applied stress r ¼ r failure which satisfied the ''tangency condition", as shown in the following equation:
Specimens were ground by fine abrasive papers. Vickers indentation method was used at 3, 5, 10, 20, 30, 50 kg force separately. Specimens with indentations were tested in three-point bending test, and pairs of (P, r f ) were obtained. Crack resistance of the materials was obtained using method of envelope line.
Quench test
Thermal shock test equipment was electric muffle furnace. Water was kept constant to be 100°C for use as quench medium. Temperature of heating and cooling systems of the thermal shock test apparatus for this experiment could be controlled within the limit of ±5°C. In each thermal shock test, a specimen was heated for 10 min in the furnace and cooled for 5 min in the cooling bath to assure temperature uniformity. After quenched, specimens were dried and their residual strength values were measured using three-point flexural fixture with a span of 30 mm and a crosshead speed of 0.5 mm min À1 with the temperature interval of 100°C. Surface of specimens was observed by SEM.
Results and discussion
Results of thermal properties test
Coefficient of expansion and conductivity are two important factors for thermal shock properties. Thermal properties were tested on Flash line 5000 for two materials with different additives (shown by Fig. 1) . As shown by Fig. 1 , it is higher for conductivity of ZSC than that of ZSA among most of temperatures, which indicates a lower temperature gradient for ZSC. By contraries, coefficients of ZSC are lower than that of ZSA, which indicates lower thermal stress than that of ZSA at the same temperature gradient. As a result of thermal properties above, thermal shock property of ZSC should be higher than that of ZSA.
Results of resistance curve
Resistance curves for the two materials are shown in Fig. 2 . As can be seen, it is much higher for crack resistance of ZSC than that of ZSA, which can be confirmed by SEM that smaller indentation crack of ZSC appeared. As a result of mechanical properties above, thermal shock property should also be higher than that of ZSA.
Results of quench test
It is shown in Fig. 3 for residual strengths of the two materials. As shown, critical quench temperature is the same 400°C for the two materials. Before quenching, strength of ZSA is higher than that of ZSC. At quench temperature of 400°C, strengths are degraded at different degree for the two materials. After 400°C, residual strength is retained for the two materials. Much more strength is lost for ZSA. Only 22.5% strength is retained for ZSA, and 44.4% for ZSC. Residual strength of ZSC is higher than that of ZSA. As can be seen from SEM, no distinct thermal shock crack appears on the surface of ZSA (Fig. 4a and b) before 400°C, and distinct thermal shock cracks appear ( Fig. 4c and d) after 400°C. Among whole quenching temperatures, no distinct thermal shock cracks appear on the surface of ZSC (Fig. 4e and f) . It is contributed by graphite for the higher crack resistance of ZSC, as thermal stress of the material was released for some extent by graphite duo to its softness.
All above indicate that thermal shock stability of ZSC is much higher than that of ZSA, which is consistent with the result of thermal properties and resistance curve. As shown in Fig. 3 , residual strength of ZSA ascends after quenching temperature of 1200°C. As can be seen from SEM (Fig. 5) , it is attributed to surface crack healing by glass phase as a result of oxidation. However, as a result of B 2 O 3 escaping from surface, lots of voids were left on the surface of material (Fig. 6b) , so residual strength at quenching temperature of 1500°C scattered in a larger scale. Comparing residual strength of specimens quenched in atmosphere with that of specimens quenched in vacuum, it confirmed existence of crack healing mechanism as residual strength of specimens quenched in vacuum being lower than that of specimens quenched in atmosphere at the quenching temperature of 1500°C.
In quenching test, it caused degradation of the two materials by surface oxidation, thermal shock cracks and thermal shock damage. As surface cracks clearly observed by SEM, it was the main reason for degradation of residual strength of ZSA after quenching tests. However, no surface cracks were observed after quenching test for ZSC. It was implicated that the main reasons for degradation of ZSC may be thermal shock damage and surface oxidation. As shown in Fig. 3 , it is different between the trends of residual strength of ZSC quenched in vacuum and in non-vacuum. As shown, it is relatively higher for the residual strength of ZSC quenched in vacuum than that of ZSC quenched in non-vacuum. It proves that residual strength was affected by surface oxidation. Therefore, surface oxidation was one of important factors for strength degradation of ZSC. It also showed that, it was relatively lower for residual strength of ZSC quenched in vacuum at 1500°C than that of ZSC non-quenched in water. It proves that it was not a unique degradation mechanism of residual strength of ZSC for surface oxidation, and that thermal shock damage existed. Therefore, it can be improved by improving oxidation resistance for thermal shock stability of ZSC.
Conclusions
Thermal shock stability of the ceramic materials was characterized by water quench test. It shows that, different mechanisms of strength degradation exist for the two materials after quenched in water: surface crack is one of main reasons for strength degradation of ZSA, and residual strength ascends at quenching temperature of 1500°C as surface cracks healed up by glass phase; Surface oxidation is one of important reasons for strength degradation of ZSC, and thermal shock damage is another important reason. In conclusion, thermal shock stability of ZSC is better than that of ZSA. It is one of important methods to improve thermal shock stability by improving oxidation resistance for ZSC.
